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I. INTRODUCTION 

For a mass transit system, tne Echaduling of dixivers and 
vehicles isa froblem that can be sclved with hkumercus 
procedures. This thesis only addresses the vehicle sched- 
uling prekiem but it does so in a way ch 


a 
@eewscluticn to the driver scheduling problem. 
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A. BACKGROUND 


The state-of-the-art in the scheduling of Gzrivers and 
vshicles for a mass “ransit system has 2dvanced fFrem pvigri- 
tive, cut yer effective, Manual meacneaqs *% ccemputerized 
procedures. The manual methods have preducea reasexnandle 


Vv 
soluticnse but nave several disadvantadqes. 
1. The time required to produce a solution may he lenathy 
cevetal wecks). 
Qe ex -ca CONStraints are difficult <o handle. 
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effectively. 

Furzhermors, the quality of a manual ccluticn fcr a 
complex problem such as the vshicls sched 
side constreinzts can ke dependen= upon the experience level 
cf che elannet cr scheduler and it is becoming =x 
Geer icuit tc train new schedulers. 

Meeoyre  eidayent Of #compuee--zsd precedt=ss:, acod 
feasitls solutions can be Puen y fou A 
sible sclutions can be efficiently deri 

arameters of the model. Moreover, con 

can reduce the effort and time nécessary to crain che 


nevice scheduler. 





Many cf the sarlier computerized procedures were devel- 
cped along th2 lines of run cutting which <akes a4 vehicle 
schedule and separates the schedule into segments or pieces 
for solving the driver scheduling voroblen. The f€{imst large 


Seales conpucerized implementation of run cutting was c2 
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RUCUS. The RUCUS system for scheduling urban mass tz 
@zivers and vehicles, [Ref. 1], was developed in «he late 
1960's and field «tested in tha e2arly 1970's. T 


versicn of RUCUS was made availéeble to industry 
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Since RUCUS was developed under the sponsership cf <the Urban 
Mes Transrertcazion Ad@Ministration (UMTA) of.” Brew U.S. 
Department of Transporvation, 22 was intended +c be 2 


general rackage available to and usable by a widé varie*y of 


c7ansit agencies. The initial ‘experiences with RUCUS were 
d:.saprpeinting in the sense that ‘féw agencies were able te 
successfully use it without Significant nodification. The 


later varsion of RUCUS (called RUCUS2) is much #asier zc use 
md  cperates in a more ‘“us¢r friendly" environment. 
W 


aver, RUCUS2 was just recently relsased by UMTA sc “that 
n O 


its success in the fisid is sill too sarly to dezsrmins. 
epeGmoeercach=Ss 970 solving =he driver and vehicle schsd- 
uling problems use sét Dab eceeeomemgG end sei covering 
mzcthcds, [Ref. 2]. Except in iso.ated cases, ~hesé proce- 
dures have not yt been used in an operational envircnmenc. 
Heuristic approaches fer solving these problems, [Ref. 3], 
ace the cecncurrent scheduler, zhe s¢ 
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Ton, and the matchi ng-basei algorichn. 
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have only been used in the f14ld in i 
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his thesis will ad&ap= seme of che 
procedures in [ Ref. 3] and {R 

S@ca-dulirg problem with inter 
described later 
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Bee THES ALGCRIBSEMIC FHILOSOPSY 


Mremearreetitmiee Enitcsoohy that 1S ciaditionally used in 
scheduling veniclas and drivers fort mass «ransit syss*ems is 


to solve the vehicles schaduling problem first, perform &@ run 
m 
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cut and then solve the driver sch ecantly, 


1 K 
this philescphy has ccme into question by s ince driver 
costs deminate vehicle operating coc Yy 
Gos=s can ke well over half the operating cost co 
Fy scliving the vschicle scheduling oroblen firs+, ‘the driver 


Pemedquliing solution is “Locxed inic™ the 


Seluticn. A discussion cf the tecent work 
ke found inf{Ref. 2) and {Ref. 4&1. Thus, the question 
arise whether it is bacter <=c ie¢evelop 2 procedure thar 
simultanecusly Le ver oisces or 
h 


to develcr vehi 
min cus. This analysis has ce2n aztcemp:¢d [ Ref. 4] bun has 
not yet Fe c 


S 
such an agpreach can ke very é 


C. OVERVIEW OF THESIS 


The crocedures investigated in this ~hesis were tested 

Gr @é database Eren the Meiees 2 ¥ Silas os Oe the 

Monzerey-Salinas Transit (MST) Sys :2n ani cne other database 

miat Wes artifically constructed. Th2se@ approaches only 

dealt with vehicle scheduling, Bie daave Ss eScieallind. BY 

apprecpriately selecting the weights for a weighted sum ccs 
i 


Pime=2cn abd creating 2 netwer with the f2asi 

having the cests associated in these procedures 

Gegnd ce the vehicles can be manipulated so as 

tcetal deadhead «ime of th2 vehicles, te redu 

waiting time of the vehicles, to reduce «he a 

or lines a vehicle can traverse and <co in 
m 


possiktl=e, the averag= nu 
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Mies anpitial work on =he vehicle scheduling from the 4ST 
database was carried out by another Naval Pcsrg 
meoocl studen., LCODR NM. sboa8 Mitchell, and his results er: 
compared to the results obtained crrom the *wo a4cfp 
investigated here. This initial study has significanézl; 
influenced the work in this thesis. 

in Charter Il, She s@eren- =20ns of the on 
vehicle scheduling problem are given and in Chapter III, che 
vehicle scheduling prceblem is formulated mathen 
Mmapect IV, <zhe heuristics for solving che pr 
develcred and in Charter V, the computational res 
displayeéc. Tae conclusions and suggesze4 areas for fur-her 


investiga*icn ar2 in Chapter VI. 
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EI. PROBLEA DEFINITION 


A. THE VEHICLE SCHEDULING FPROBLESA 


The creblem studied in this thesis is the vehicle sched- 
blem. Tie 

ask «o b 

‘ 


3a 
Pw eereomerd.n atd a4 Specific <ime of 
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#2) 


prcomem’S principal characteristic is 


serviced kas 
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shceuld be contraés 
=S Where the céesks to be serviced do n 


C 
specified times for reginning and ending service. A vehicle 
A 


schedul¢ must be feesible in both time and space since a 
Weel] Cannct he a= +0 iccaticns a* the came tims. 
discussien ci the contrast between venicle crceurting anid 


vehicle scheduling problims is given in { Ref. 4]. 
Mic seqwenezeG cE tts venicle aetivities in ceth cime 
and ¢fac 3€¢ at the heztxot of vehicle ocheduling preblens. 
d “@en<teaimtss that ommoniy determine che 


S 
yehicle scheduling problam are che fcllewing: 
ne lengeh cf time @ vehicle may 

O 


Bescrey r= turnang to the depos 4c 
u 


e 
ae ie WA mbex Co MEpozs 


é where vehicies may be housed. 
The assumpticns for this thesis which are deamed reasonable 
*n the conztext of a mass transit system are the follcwing: 
1. There is no upver bound on tn2 length of a vehicle 


scnedule. 
2. “S2l "Veheches a@re™identécal. 
3. All vehicles are housed at the same depcex. 


4. Any task can be serviced by any vehicle. 
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(Piemobysegr vs UceCc insMost analyses.cf <=his <tyre is to 


muiimecze tctal saumber of wehicles or *tetal deadreac <=ime 


(deadhead cime is defined in ~he next > Because of 
the side ccnstraints that must be satisficd, Skhe- eb jee 
tives may be more _ i In this 2 study, the ebjective 
used attempts to minimize a modified linear conmbinaticn of 


vehicle deadhead time, waiting tims, average nunmder ct lines 
in a vehicle block and average number of iines/runber of 
@eo02 @n a vehicle bicck. This objective is defined in mor 
detail in Chapter III. 


B. DEFINITIONS 
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Mass transi« systems are made up cf tine 
ules. Ae loess sedsrined te be a specific 
m 


il 
ieecaee Ch, 2h End location and 


star any intermediate stop 
Mee@ececns CVvVeér which sepvice is <0 bs provided. A trip is a 
Gmeeway traversal of the line from the Stare locaticn tc the 
end lecaticn through the intermediata stops in the erder 
specified. A Jepeesschedule aisyiefined. 7¢ de -he lik 


scheduls fer a line cver a single day which may consis. s§ 
Gm Clue TOTS *rics. pad cers lec oe memOLS of a | ime 
schedul2> for a line. Cie Selec sO ne “Dans = -ays tae 
Memeeee= Collecticn cf line schedules for alilines in whe 
+Dpan.s system. 


t 
Peiec ly peeseaevenszele will dapart <he garace or deret in 
- Vv 


ip 
| 
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14 
sy 


1 
Nees, <a ve tO a Starz location of a lin 
Socal tamamepe travel +o he stare locazion of 
S@ several trips of this lins and contin 
eee tt  handlig, Perurns “mo <=he wgatage cr depoge 
( a 


D 
Figuré 2.2 is an example of a vehicie schedule 


Nete: WT and 
CHT are defined belcw). Mese,p,oecf not ally mess transit 
systems have a high period of requirements for service in 


Vv Vv 
the mcrning rush (called the AM peak), 4&4 reduced level for 
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wee 2D Transit 6th & State bag SUT Nepenthe 
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a a i 
{ 1 5.00a 6.15a 6.45a 7.258 Tes5a | 
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i 5 9.30a 9.45a Wa 15Sa 10.55a 11.05a | 
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Figure 2.1 Example of a Line Schedule for Line 22. 


Re(celiceds she Gen 
bear). As a result of the AM and P 
meturn =o the garage during the da 
str2ets later in «he day. 

Fee <he temaindér of this thesis, zhe folicwing 4efini- 
tions are used: 
Vehicle Block: the work performed py a vehicle hé«ween 
Mevemendatc and fromn@he depot: i.a%, if a veh 
returned to the deport several times during a day, “ts 
sch2dule fcr that day would consist of s¢ 
Elocks. The makeup of the vahiclea £oeksS iS  igpcrtan- 


rFecaus¢, in the traditional way of scheduling drivers, “hese 
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Bleck{Line TL 5 tae apetal Seok |) OED | | | 
No Nec Ne oe Time {| Time [Location| Location et 
1 |[-- - 6.454a| 6.57a{ Garage Piaza { Q | 12 | 
( 1 | a “4 6.574 8.Z2lal! Plazé ! plaza i? mea GO | 
| a. f 5.1 G {| @.30a| 9.25a| Plazas | Plaza i994 of 
| et 7 tit ff S.272)/11.06a{ Plaza ;{ Plaza {| 2 om 
1 a a ect cea. | 21424 | Gerags | 0 WZ 
Z ie <—— Za\onl 2e50pD| Garage Bea Ze 0 TZ 
Zz 5 16 2es0m SeeoD| Plaza | Piaze | 0 8) 
| ie, tect J.275) S.060| Plaza | Piaza | 2{ QO 
e | # Ome oe to. tet Plazas | Plaza Souler. | 
at — swpeostUD} 6.2201 Plaza ; Garage { 0 | T2 |{ 
_. A 
Figure 2.2 Example of a Vehicle Scheduis. 


vehicle Elocks are broken up into pi 


si 
run cutting and these pieces are then usea in dwvivecr s 


uling. In forming the veh a 
never ics¢ sight of the eventual run cit tc be performed. A 
poor vehicle schedulée in ~erms of how the vehicle schedule, 
when cu«, satisfies “he constraints on the driver echedules 


n 
Set eed =O a pecr Fun cut a 
scheduling configuration. A 
ke fcurd in [Ref. 1]. 

Vehicle Schedule: She COMD= sa Usk oO 


f 
makes up a schedule fer a single véehicls. 


Deadhead Time (DHT): the time during which a vehicle is 
meaveti@ng Eut iis not PavVOlged in revenues producin 
SeveG-pae>., tO. tCLaverSing @ trip on a lias. 

eee NG Tage (NT): idle time bérore or arter a trip when a 
vehicle is neither traversing a <zrip nor dsadheadina. a 
some transit agéencilé¢s, Waeeleg -aM2) a5 ceferted <tc as 
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Average Number of Lines per Vehicl2 Block (LB): Summation 
@ememe £Ctel number cf lines for each vehicle block divided 
Ey the tctal number cf vehicles blocks required. 

Average Number cf Trips per Vehicis Schedule (ZV): summa- 
tion cf the total numker of trips for each vehicle schedule 
Givided by «he +ctal number of vehicie schedules required. 
Maximum Number of Lines (ML): maximum allowable number of 
1 2 in @ given day. ML is 


ines any vehicle bleck can travers 
alu2 that can be specified by 
£ producing vehicle schedulss which can bs cenfid- 


c 
ured tc assist in sclving th2 driver scheduling problem. 
A 


Maximum Allowaole Deadhsad Time (MDHT): maximum deadhead 
time allewed for 2 vshicle between <wo <=rips. MDHT is a 
value specified by the scheduler fem ene pusnces ct 


praventing an excess amount of deadh2ad time in a vehicle 
Buoek. 


Maximum Ailcwable Waiting Time (HWT): aaximum waiting “ime 
@ilowed for a vehicle between two trips. MYT is a value 
specified by the schedulsr for preavanting an excess arount 
cf waiting time in a veh: Block. 


A vehicle block is sai 
ang 2B if he vehicle is ‘to ‘tray 
followed by a2 trip f£ 
Figure 2.2 is made up 
vehicle schedule, the 
Seemaelsne S, =rip 4 and i:nterl: 
Mecmerane 7, chip 11, 2tc. Vehicle block 1 covers «rips fr 


O 
two lines, lines 5 and 7 and v¢hicle block 2 covers «rips 


from thz4e lines, lines 4,5 and 7. TOe2eSg=s-c- the nue: 
Seeomecemrniet a VYen2ele can service in a vehicle bleck is to 
ra OCKs The 


rice the degree of intsrlining in the bl 
d¢ schedule displayed in Figura 2.2 weuld be 
€ 


y =9 
4. 
SCiowtal n= Of *Eaversing trios from only «we linss 


91) 


vehicle block was applied. 


8 








she 
CE 


constrained. 


iy 


number 


procedure develo 
mestye if not all, 
mupe. CL ccnstraint 
the simple network 
problem. However, 
Sincé a very restrictive 
erarafacantly cost the *ran 
vehicles required 
Will be seen 


Such results 
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ures have 


ahs i COme= =a. at 


handled 


bm 


ne 


this 
ic Dlgg weens—~aints destaey 
cf the vehicle scheduling 
should 


Bweseyreacsd CONS*tITaints ca 


NO= Vow a2oled 


fea 


“ 


mame the number of 


waiting <ime. 





III. FORMULATION OF THE VEHICLE SCHEDULING PROBLEM 


Fer the formulation of a vehicle scheduling prcblen, <w 


O 


types cf scheduling froolems should bs understocd 


rey) 
tu) 
oa 
= 
() 

ht 


apoly *o a network. The two «vpées are those withcut side 


Semeraeain~s and those with side constraizts. 


A. SCHEDULING PROBLEM WITHOUT SIDE CONSTRAINTS 


Mest precedures for solving the single depot vehicis 
scheduling problem partition <=h¢e nodes sk 

network inte a set cf paths in such a 

cost (objective) function is minimized. Pies "ec 
is constructed te b2 additive over the arcs 

Each cpatk in the network cerrzesponds to zh 
single vehicle { Ref. 3}. Tieuscco Steines 
Miz2s zither the number of paths sinc D 
required vehicles equals the number of paths or «he zotal 


G=eencad “limes oft the vehic 
+ 


AT Sumprion is mad¢ Ver. shdace 
G2en erp] in the timetable, “he SEka= = =ame, ST(:), end 
Poros)» ‘seaeceeiccation, SL(z), end Location, EL(i), 
lin2 numker, L(i), trip aumber, T(i), and a depot are speci- 

ven by the lectere gs 


ied. Mr loca =fen ft =he "€epot is gi 

nd = (s @nd ceaere defined below). Figu 
Came a tametacles sotted eby them star< dame o€ the tas 
Paaetacnallyj.a d@adhead “ime mataecx, D=DD(EL(z) ,SL(j))., 


}4- 
" 


given where DD(EL(i),SL(j)) is the deadhead time requiszed to 
feme ren etrcewcns ieication of trip =, EL{(i), =o zhe beginniag 
igieatiOueGeetrap jg, Sikij). Sinceea vehacie must go ircm «he 
Gepoc «tO che beg@aning of “a “rip or from the ending of a 


cae “Per Hemderpot, ther> 1 sMenmmmexcra cow and column #2 che 
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Seae- End eet Bie. Line pair 0 
{ Time Time Lcecation Location Number Number 
{ S245 6:40 2 1 12 1 { 
i Cr00- 7 306 Z 1 Hi2 2 
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Figure 3.1 Timetable Input Example. 


ad 


a 


ead zime into and 


w 


Gzadhead mactrix coztresponding to the d 
° 


it 
Per a vehicle scheduling problen wo 1 sids 
r F = Bem poss le =o crs@ts a network fcom <hec 
data and solve tne scheduling problem using a ninimum cest 
ie w aL gori hin. A mathematical formulation of «the nininun 
cost flcw mcd2l can be found in [Ref. 5]. fhe Ss Suewies or 
this netwerk is giver as follows: 


1. Each trip = in the timetable is represen 24 by nodes #2 


one — 1. 
2. A superseurce s and supersink = ara defined. 


u Cc 
Coes bere | Gescplays =h2 ames in whe metwork. It is 
mec 


a [ete te NOtTe That not all -1. ZO™*) @ecs are 
feasible as discussed below. 

i comme ESronedée i (tip i) “20 be schedubed, flcw fron 
Mees +] <C -1 1S requited. Thus, z=he lower bound (LB) and 
eeu ees= Delnd {UB) ch arc (42,-i) equals 1. The cestyunit 
£2 Sn 0n Maescost Dot leaving nod= -2 aad going =c <=he 


depot (supersink t) is equal =o th2 deadhead sime frem EL (i) 
Cee ne WGEOte else, arc (~ig-) hes 2 lower bound on flew of 
U@eraeaye@eper bound on tlow Of int (infinity). Sines aeay, 


“ne cest £ of going from the deport (Supersource s) tc node 
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TABLE I 
Definition of Arcs 


From 









{ To | LB { UB 


—_ ee 





cost 
aa 














eet ete ene i. Dd | 

s | tit Of intl Z| 

Lo Sesill  sliel eal et ee oa 

eae | st ay ef cc | 
+i is egual to «he déeadhead *ime fron the dero Sse 514(2) 
@maarc (Ss, +3) pecmentower bcunad) on Show cl 0 ani ex usEee- 
Berea on flow of ini(intinity). DMreecos=ce C associated: Pich 
GeeetgesroC@ > +o S is 0 if maninizging deadhead «ine caly or 
S26equal to the capital cost of the vehicle if the cbjeciive 
Pee O SR2nanaze awmodafised Jlineaz combination Of »sberayina 
aes caritad cost. jee leéwetebcurd fer t <9 G, Ay inte either 

m 


Cle- <he gartinut nu hic required. The upper 
bound valu2z B is ¢ithéer the maxinum numbst of vehicies 
dime wcad Sse tnfi nity. 

Arn ate from -i tc +j is defined only if it is teasibls 
iemeoneymene 4<pd cf sip . 0 the beaqinning ct trip i. 
Geeoeewol] be fteasibl= #6 Bquation (3.1) is satisfied. 

ay - fi(2) - DD{EL(=),SL(3)) > 0 Tan (3.1) 
Tene towedaatconal constraints, The cos: C' frem node -i to 


nede +j is generally sche deadh2ad «ime of 


Pxcown-sr=an gong from BL(-) +o SL(j). 
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B. SCHEDULING WITH INTERLINING CONSTRAINTS 


With side ccnstraints such as maximum number crt lines 
n be traversed in a block, a different a 
ince the mathematical structure cf the ninimum ccs 
flow model is dée#strcyed. A basic property of flow alaqcr- 
ithns is that they dec not have memory; i.e. «hey are only 
interested in the existence, quantity and cos= of flicw and 
Moree in the additional conditions such as lénath c 
baa). In attempting to set up the above network when che 
problem has side constraints, it is impessible to knowa 
meri 2f the argeeftem -i to +j will exis 
tence of this arc is dépendenz on che cond 
Sened] imeaNdaihe condi*ions on %:! 


Boa F- (To illustrats, suppos= th? p 


umes and there gspar 
epee bound cf 3 lin 

fron nods -i to node +j will rot be feasibla. Tf 1m 
aueeeesp) inrem ome of the lanes alctzady on =he p 
then this arc weuld be feasible. Pee dee Or +h 
abl: to test for these 


eo 
In Chapter IV, «we basic itér 


ative algoritams are devel- 
opei to solve the vehicle? scheduling problem. The tsature 
Gleenes= algcerithms is that, unlike ~he vehicle scheduling 


Peoeecm Without Side constraints, ‘th 

sequencs cf netwerks, each netwerk dependent upon the algor- 
ithm us2d (matching-bkased cr ctime increment) and an 
between tlics i and jis. allcwed orly if interli 
eOONS a>= Wet EnValdditiom to the feasibility requ 
Equation (3.1). DG Venataye “Set, Out cf <rip i, shere 
exists mere than one feasible +trip j, then a decis 

bé made as +o which trip j to select. The twe alg 


0 m 
U21.13i28) 94 Weaeme baste cost functionwforwccneaternacting «rips 
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select she «22 j that minimizes «~he cost if more than one 
fmep is feasible. Poe Mee. SCuSS:0On On Whe cost functiPa, 
id= will be assumed that one vehicle block ands with trip i 


and anc*kér vehicle Elock begins with «rip j. 


C. CCST FUNCTION FOR CONCATENATION OF TRIPS 


Be> the vehicle scheduling problem with interlining 


Pedeanesp, sone COSt function tha= is minimized is a nod: 
zi 


Af 


i 
linear weighted sum of vehicl=s deadhead cine, vehicle 
ng time, number of lines <«raversed in 2 vehicle blecck 
mb f limes/7rumber.¢@& teips in a vehicle bice 
“v2 algorithms require th 
ew 


EG co 
j iS added +o a vehicle block ending with trip 
S ny 


la block. Tien, .~he cost = 


o S 
Wee s ss OhGCKS §@0 2£2°D 2 dad <lip jis given is 


Gey i= Al x He + A2 xe TC + AB x BD(EL(‘),SL(4)) 
+ AW x max (ST (Jj) -ET(i)-DD (EL (i) ,3L(3))-5 ,9) Eqn (3.2) 


where Al is the weight factor for numbar linas -=reversed. 
BC, 22eéos “Otis npumbec ck linacs in the 
concatenated block. 


h2eeSoeehes weaqht facec= Goce TC. 
TC is the LC zaime 100 divided by number o 


th 
ct 
t4 
}4 
ro 
in 


i thesconceiterated block. 
A3 is the weight factor for d¢eadhe2ad time. 


he aS “Wie weegh: factcrc foe walting ctime. 


Z3 





MaWaticn (=.2) WeteGe ciemesocls fac <ossS for the 7225cne 
descrited below. 

Me ccst WwaS Hot impot=ant, the ide c 
each vehicle block traverse only one line d 
a schedule cculd be extremely costly since 


a large numbter of vehicle blocks and/or drivers and prorarly 
create a situation with extreme amounts of deadhéad time for 
going kack and fore*h to the depot cr waiting zine bihco lic 
Situation will be seen in the computactional results. This 


ideal scheduie is prchably net practical because cf budg- 
Petag considerations. Pius, cmseluelo. procedure shou 
insure that the averag2 numbe> of lines in each veniciz 


lock will te as small @s possible. In this way, when a run 


Cut 1S 2dministered to ¢ach vehicize block, driver ccsts are 
reduced. Therefore, in the procedures devetlcovse hers, a 
penalty is incurred if avehicie biock «traverses mere thar 
@eewtin=. This psnalty increases linearly with the number of 
dirterenc lines the concatenated venicle block weuld <rav- 
exrs¢. 


a Lmnimum is a goal, 
Seme= 1 fto accotn= the runber 
4 


the rumber of «rips fcr 


f) 
<j 
W 
os 
i-? 
Q 
t+ 
iP 

< oe 
~ 


vehicle Elock traverses only on2 line on a 

tha ratic is small unless ths vehicle block tra 

Cme, trip. Weeenaecilc biock Wh#tch trav 
nes while covering <en =rips may be pb 

Mosk that cnly covers one line wich 
mber is small when compared to ths total deadh42ad and 

S. i nieamiatiaon (322), = 


Bs= of a Wehicle 


nt n h 
ying by 100. This factoz has a weight of A2. 
£ the most undesirable f2artu 

a2 


schedule fcr a mass transit system is 2xcess deadhead «ime. 


Teadhead time is costly in terms of driver vay heurs and 
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Menicle operating costs. f£ course, some deadhead time is 
an unavoidatle ccst such as when a vehicles leaves the 2sper 


of the day and when the vehicle returns 


Beet hse ftaits*® <: 


| ft 
ise 
(b 


to the dépet at the enc of the day. However, one wants <o 
prevent aS much aS pessible the deadhscad bstween <he end 
jeme on CL One “rip and the start locazticen of the next ‘trip 


eeeae ven cle block or th® return ot the vehicle to the dapotr 


pau 


@ueainrg the day. A weight of A3 is assigned to the deadhea 
meme tC ge from EL(i) to SL (j). 
Waitirg time is another expense that the transit agency 
5 


Mmeemee tc hold «0 a finimnum sin 


e Aer 
producing revenus when waiting and <=h? driver has *9 be paid 
when th2 vehicle is idles. However, a Little waiting zine 

Bevove: CL Less tar 


Can be cf benefit te the systen. 
£272 aginutés is ed a 
foltewing. Tf the Waiting time i 


ml 
possible to connect “woe trips with sha sa 


avehicie bleck cr it tight ba possible *o use waiting tine 
e ‘ ° 
aver. A220, Waste 76 


to have a driver ralisved ty another dz 

time can be used as a period he driver =o have 

chedui2 t0 be caugh= up (if the vehicle 
€ 


u 
TOI wW2s assigned to waiting time and 


LS) 





IV. HEURISTICS FOR THE VEHICLE SCHEDULING PROBLEM 


In <his chapter, *wo baSic procedures for creating an 
aGnacial set of vehicle blocks under interlining constraints 
are described. These orocedures are the "sins increment 

mesocedy-<" and the "matching procedure". hiss, in pees 
Chapter, Pies lOCm aN ObOVemens Dreceduze for foimina an 
improved sét of vehicle blocks from the initial sei oF 


Memmerie GIiccKS 2 given. Additionally, in this chapter, <4 


D 


procedures fer concatéenéting =he vehicle blocks inte @ final 


vehicle schedule are presented. Th3s2 procedures (cutside 
cr the block improvement precsdure repeatedly concatenate 


vehicle Elecks irte larger vehicle blocks or vehicle schid- 
ules. A description of how shese2 procedurss fit weg¢ether 


Meena Sez CL algorithms for sclying she problem concindes 


A. INITIAL VEHICLE ELOCK PROCEDURES 


jee bame Incremen= Prcecedurse 


> SP a og SS ae EE ss cS a em aS wD ee ee oe 


In the time increment method, a €in= i 2rGemved 
(eu, cz) is first defined. Eacheepadize o€ wan aed j, me 
the timetable is examined in a specified order in an attemp- 


a 
Pome nd a6 CcCombinaticn of tzips that Minimizes the are cose 
n 


a 


(3.2)) and that satisfies «he following 


Pepe ekL(i) Ss £2 Eqn (4.1) 


$1 (4) -E(i) > +1 Eqn (4.2) 
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ST (j) -FT (1) -DD (EL (i),SL(4)) > 0 Eqn (4.3) 


where DD(EL(i),SL(j)) 2s the dsadhead time =o qe from the 

end lecation of Pepto mnems-ar—> locaticn cf trip j. we 

Meme 2, the arc cost Ct (i,j) ‘for all trips j w 

equations (4.1) to (4.3) is calculated. Trip k is sé 
} 


cw trip 1 on a partial vehici¢e schedule if 


Cera) «= eran C* (1,4). Egrn (4.4) 


t 
feereto'f i, creatin 
tc L, the procedure 

3 


zi Ss W n 
1=1 and <2=DELTA and examines all trips j 
2 ) U 


Waeen Sertisty Equations (4.1), (4.2) and (4.3). con 
Semoere sng ths examination of ali trios j, a nhew ime 
intervai(ct1,t2) is formed wheres 71=+2+1, $%‘2=+1+DELTA-1 and 
she process is repeated. Peco eee les eay cChe on the MSe 
Gatanmhess cry ICDR Mitchell is a special case of the method. 
foe ine i Si 


Ss ea a 
Gyemueonsed 22 %incwemenzs Of 1 Minus, i.3. 
azo 


as ignored. Chanter V will discuss che 
Semi ciyity +o DELTA. 


The basic steps of the ~ime increment procedur2 is 


as fellows: 
St@p 1: Inout a timetable, let DELTA and VALUE be specified 
E 


ct 
ry 


timetatle by E Seanre Same cf each «Tip. 
h 


“val and VALUE is =} 


ct 
‘ 6 
==} 
(Ll) 
i} F 
He | 
cl 
(Dp 


(DELTA is the length of «the 
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imum amcunt of acceptable waiting time or deadhsad *ime. 
A is less than or equal tc VALUE.} 


= 7 
Lat 2 


iD 
4 


c 
eed 2: Set lower Limit for tin 21 ti=1 end set upvder 


Vv 
ieee for “time interval ¢t2=min(DELTA, VALUE). Let i=1. 


Beep 3: For trip», 
ee oD oF ae Not Gite Last trip oe a vehicle block, 
increment i and go te St2p 3 unless i equals “he number of 
trips in the timetables, then go to Step 8. 
fe 


Be b. Compute ths number of dit 


moe partial vehicle bicck associated with <rin i. Let j = i 


wea. SEpeemeectomen= Stace OF a Datetal vehicle bicck, 
increment jand go to Ster 4 unless j wee er’ = tana 
Memmet cf trips in the timetable, then go to step 5S. 

Geee. «Lt trip j does noz satisé£ pil’. 2) eed 


S 
Pp increment j “amd go *o S*+ 


(4.3) D unless 4 

See number “Cf Crips™2n the timetable, Shen go ro Ster Ss. 
wee Compu+¢ the number cf different lines and aumber of 
hicl i 


meave whet weuld »be traversed if the varcial ve 
Sewer co 2heluding “e220 = was conmeateneated wi7h the parti 


e 
Vemecte Flock commencing with trip j. 
g 


4.d. If the total number of iines traversed is greater 
‘han Maximum numkér cf lines permitted, increner* j and go 
to Step 4 unless jj greater that the number of trips in the 


@emecdcle, =hen gormt’c Step 5S 

ieee. Sliehowdcadhead tine "or the waiting time is greater 
an the maximur allcwed, inecreme 
unless i greater that the number of <zrips in the timeéezable, 
en “de ce'Sten” 5. 

Ooa. COmmeuee Cest cf an are using Equaticn (3.2). 

(ieee Meeecst 1s greater chan or ¢qual *o previous mininua 


St, increment ji and so to Step 4 unless Jj greater «=ha+ “hs 


nt 


Ss 
mebes of trapswine hewttnetabl es, <~hen go to Sten 
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G.h. kKeplace pr 


° 


tou 


” 


Paeeminmecost bywcoss, let j*= jy (5* 


p+ 
t™" 


*+he current candidate +o concatenate with <rip i) incre- 

men= j and gc to Step 4% unless j greater that she number of 
meeps sc the timetable, then continue. 

Seep 5: Let j=itl. Let t1=t2+1. at eS Aqsa (~ 1+ CE Lhe, 
Teevey and..go to step 4 unlsss t1 is greater <=nan VALUE. 
Ther, continue. 

eee = 2 tric j* found, connect crip i to tzip j* on che 
vehicle blcck. 

Smee: Increment 2 and qo to sep 3. 


Step 8: Stop. (Vehicle biocks have bean comple*<d.) 


2. Peten nd P=oceaqu > 


SRS) Ss a Oe a —_ an aa o@p eee ee oc 


The matching method adap«s somes of the procedures in 
fRef. 4j. Unlike the time increment method which 
az oné trip at a time, the matching algorithm examines ao 
ieeecn2> trip ata *ime. The matching procedu 
shat the level of each nede (+210) be specified. ah 
Sama mede is the=cclative depth of «ne node in respect -ca 
beimeaecuLa= starting nod¢, w2tets, she Raxianum 27 

ip 


Sees Which coulda pr 


) 
| 
D 

a 
t{ 
«)) 
4») 
| 
Mm 
Pu 
ce 

ng 
jon) 
O 
Qa mh 


ce 


a 
fem@ewa 2c nede j if Equation { 
e 


3 
Bemeewen a cost of 1. Each nede is connectad +o @ s 

ae The level of each node iis defined by zhe longes= path 
fom SP tc i. Sinteceth> netmweoerme-.s acyclpe, ali londae¢s~ 


paths can be easily fcund { Ref. 3}. 

The algorithm pzrocedes as follows. Als ae tT Les) Be 
level 1 are called partial vehicle blocks. A macztching 
Problem with self loccs (a nod? can pe matched to itsslf) is 
defined where the vartial vehicis blocks on level 1 are cne 


se cf nedes and the trips cn level 2 are a second set of 
) 


nods. She arc costes a@srewas degined in Beuecton (3.2), and 
URemee@llicw locepmeecsts (the cost of not comeateneétinga a 222 





WEeh another tris) are sat to a large number. Trevco luego: 
to” *+he eat pecbicuwmemecs the “boast set of partial 
vehicle klecks for all «rips on levels 1 and 2. The partial 
vehicle Elecks on lsvels 1 and 2 now become a set of nodées 
nd the trips on level 3 becom2 a set of nodes. The are 
costs are again defined by Bauaticn (3.2) and tne self lIcop 
costs are set +o a large number. Tay SOlu*xicr to the 
Metching preblem finds «he “best" ser of partial vehicle 
blocks on levels 1 through 3. This preesdur= ccnzinues 


Until all leveis have been éexauined. 


Semée 9f the nodes may nort be matcned in “he matching 
problem defined cn level k for a variety of reasons. Foz 
Example, *he number of partial vehicl= biccks on levels 1 
through k-1 may be less “han (greater thax TNS TUM oO £ 
trips on level k. ne aenewtermrat ve be meecle-block) isi®z0+ 
matched cn a lower level, *+s lawel is raised and it is 


Seeluded =n the fatching for the next level. For ¢xample, 


~ 


>) 
Se ievel Thad 3 nodes and lewel 2 had orly 2 rodts, zhen 
m S 


she cn unmatched ned2 from 
h 


possitle candidates fcr thse setchiag oroblem from ievel 2 to 

level 3. has “GWOgeadeng CO: @he voattiael vehicle obdiocks 

Geeeeyues Until it 2s nov vessibls tomatch “his rode with 

any ned2 on the next isv3l pecause the aximum déeadhead or 
ser Vv 


maximum waiting <ime 
The basi 


vy 
i 
ct 
MN 
nm ‘Ws OQ 
th 


su 
(ae 
f- 
| 


i mpUt 

Bec hes aweest of 1. 
step 2: Find longes* path frem s to sach node 2 ard assign 
each node che appropriate level. 

Step 3: Let all trips on level 1 be called partial vehicle 
blocks ard let i=1. 


Step 4: For level k= itl, 


3 Find all feasible 


4.a eaeer"m" irc Cs’ parrat wvehp>cit: 
biocke ome Teves 1,2,0.-, =k-1 


[Oo Ge beeps on weve] « By 
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using Equaticn (3.1) and fird the associated arc cos* usirg 
Moumation (3.2). 

G4.r. Set self looping cost as a iarge numbe-c. 

G.c. Find minimal matching cost solution and update the 
partial ktilccks. 
Step 5: Incrament 1 and go to step 4 unless all Ilsvels have 
been matched. 


Seem 6; Stcp. (Taitial venicle biccxs nave been found.) 


3. Elcck Improvement Proceduzs 


fw 
O 
He) 
ci 
w 


The bleck isprovement procedure is base¢ 


concept that the vehicle biccks mighz be improved in the 
sense of reducing the number cf ditferent lines in 2 vehicle 
bl@ck. Tie aa accempi-shca™ by “Teseing up* the “sade of 
Seger #enicle bicck and solving a mactching prcblen. The 


Frocedure firds the starr of a vehicl2 bio 


ake 
moe some rumber for the first two trips. If thes? -<tirs ase 
from the same line schedule, the second and shird trips are 
compared fcr the same line number. feehess «ci psweaces fren 
tne same line schedule, the third and fourth «trips a2r4+ ¢imi- 


larly compared. Pawo LOUD “ea2ps are from “hes 
schedule, <zhe venicle block is removed from co 
Beaeche block improvement precedurs. 
There are two ways tc have a vehicle block béconms 

Puegepl= formehis procedure: first, if the vehicle bicck 

me lececwehan tfcur teips, orsecondy the vehicle tlceek 
toameng wiethinethe firse fou 
Naemeeess*2han four <‘t2ips ara 
zrom the same line schedule, the vehicle bl d 
Senede ins LIST! which is a partial Listing of saode to be 
used for a matching rroblem. If a vehicl¢s block has inter 
tea e Within “fhe £1rS® fow> trips, “the vehicie block is 
split between the two trips where the interlining occ 
The partial vehicle block up to *the interlining is défined 


oa 





PeeemcG= 22 iist! and the split off portion is defined as é 
Seer at £IST2 which is a partial listing of t+h¢ seccnd set 
€ neces for a matching voroblen. 

After all the nodes in LIST1 and LIST2 have been 


defined, f¢easihbie ares are datermined by Equaticn (3.1) 
between nodes in LIST1 and LIST2 with are costs determined 
Heeeauve=i0n (3.2). Self looping cost are defined as zero 
meeeercae> 22 LESI1 and as a large number for nodes in LIST2. 
Teese) 2S tc insure that ata “timum of =he old vehicle 
tlocks wiil be tede*tined as a veniclise biock and not create 


ene biGchws) Whan! originaliy se@ected with. A sieaoun 
ces matching pxr2oblen is solved and the vehicles biccks are 
he  Si@deudaeon. As soon as the procedure is 
Gample-= cn <he tront end of each vehicle, the prccadure is 
“hs “ail wend of each vehicle blicck. For the 


meee & Ctal cf £OME =rips can be examined, just as with 
a 


ront of eac* vehicle block, and =he procedure examines 
eeees. CLOUT cr ..pS Krom =he last tris of the vehicle blcck 
backwards. ieie: cempltetlageth: cxaenmemawion of the +alls, 
Ue t>Lem. pepezonesof the updated vehicle biccks is lcokei az 
a@ean. The preceduze continues unti NO changes are Found 
for either end and then stops. PO wG=everw= the vossibo2tllty 
£ time being 


cf an endless Loop or an excessive amount 9 
hey procedure only allows a fixea run 
O 


nS. Chapter ¥ discusses the sensitivity 


¢ 


vehicle bicck that the procedure checks c wre 
line béeing «raversed. 


The steps of she block ‘improvement procedure ar3 as 


tollcws: 
meeD 1; Irput an initial set of vehicle blocks. Let i=l. 
ieee 2; FCr trip i, 

Cees ieeerap 2 Is nct the f2ESt £22p cn a2 Wehicis blioék, 
incremen+ i and go to St2#p 2 unless i ¢quals ‘*he number cof 


t P 
Pea pS 12) the cugetable, «hen go tc Stap 5. 
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BC 
eee mest Dp oe and crip j are 20t t2ip 


3 Ss from the same 
line schedule, Rincon ee Ket) List? and “rib Jj inte 
Motz and gc to Step 4. | 

feet elripmgetsS the last tip in @ Venicis hicek, plac: 
mae F tts LIST? anc seo to Step 4. 

eee | 6S tS pp I* = trip jand let trip j be the suce¢essox 
Seeecomtr ibe and go to Step 3 uwnisss trip i* 25 the 
Meeon =rip in a yehicle block, tnen continue. 

Step 4: Ircerement i2and go to Stap 2 unless 2 Equals th 
number cf trips in the timesable. 

Mees: find all feesibie arcs from asdes in LIST1 te nedes 
Steer 2 fy Equation (3.1) and the arc cos=s by Bgiuztie2 
(36 2). 

Pee 6: Sez self locping costs for LIST1 equal tc zere and 
Eoeeeist2Z equal to a large number. 

Seep 7: (Fird the minimun ccst matching soluticn and update 
the vehicle blocks. ° 

Meso 8: Kepeat the crocedure for the ends cf f3Ccn vehicle 
Elock using the reverse cf the procedure, i.¢. find tne lass 
fem 25 Geach vehicle block and find its predecesscr, ane. 
Seeeegs If <cheGe was a chang? in ths vehicle biccks :ifter 
toth ends of the vehicle blocks have been through the pfrece- 
Gee, l4e i=l and go to Step 2. 

Step 10: Stop. (Vehicle blocks have been undcaced.) 
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FE. CONCATENATING BLCCKS FOR VEHICLE SCHEDULES 


1. The Greedy AEproach 


The previous precedures form a set of Feasible vehi- 
S Cc 


cles ktliccks. This pxrecedure forms 


yy 


schedules from the vehicle blocks. This vrocedu 
in tkat i+ concaténates the very first fsas 
block to «he end of the vehicle block being 2xa 
concatenated vehicie bliock is termed a lenge 
Beecne €nd of - this procedure, tne s2t 0 
blocks are the vehicle schedules. 

The steps in the greedy approach are as fcllows: 
See) a: Irput a set of initial blecks. Let i=}. 
and of a vehicle block, itcré- 

ua 


v 
als the number cf trips 


gen: Ccle block ¢r 2s 

previcusly assigned, increment j and go zo Step 3 unless j 

Gmeaeee chan =he Number cr trips in the time table, ther ae 
S 


=e talus, vwiten go to Step 4. 


Bec. Ceveceenacte the wehicle block hat starts with trio j 
Remeee ven cia block that ends with <cwtio i => form a lengee 
vemacile bkicck. 

Sztao 4: Irereament i and go so Step 2 unless i equals <he 
nugoer cf trips in the timetable. 


mDer 
See) S; ‘Stop: (Final sat of longer vehicle blocks aré the 
final vehicle schedules.) 


34 








20 us ching Approach 


ee 


The matching a@pvroach forms vahicle schedules trom 
vehicles blecks by a repeated so Que cf a2 Maztenar 
problem. The nodeS in the matching procedures are the end 
trips and the beginning trips for zac 
procedure defires all feasibisc arcs by Equa:ien (3.1) and 
[mel asscciated costs by Equation (3.2) a 
Binimum ccst matching problem. 


The st¢ps to the matching approach ae as fcllews: 
meeoei: Input an initial set of vehicls biocks. 
Step Zz: Find the ending nodes of ali vehicle blocks and the 


1 


oem) 3: Find all.teasible arcs by, Eguazticn,(3.1) bstweenr the 


end nedes cf each vehicle bicck and tha start nodes of each 
Wemmeede Clcck. Determine the arc cost hy Equation (3.2). 
Seaoe4: Sex self looping cost equal to a larg? number. 
meee Find the minimum cost metching selution. 

Peeeoeeere Sacre. (Ab1 redes matched in che solition ars 


CommmemeecNated tc form vehicle schedui 


GSoj 


C. UTILIZATION OF THE HEURISTICS 


The metheds *o derive 


ules. To generate resul ho 

possitle cembinations were exanined initially and the cnes 

that derived the best solutions were examined more closely. 

Teabie II lis*ts «ke oP ee ccmbinations with the aescociated 

Mies eles will be wsed to display tesults in tables in 

Chapter V. For example, if in ¢xamining a table located in 
V 


Chapter V and the méthod used was ATD=1, ~hen «the at 
klocks were created by the *ime increment mézthod and the 
vehicle schedule was darived by using zh2 greedy aporoach. 
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TABLE If 
Definitions of Ways of Deriving Vehicle Schedule 





























oo soe ee a ee ————E—E—— 
“aa VEHICLE BLOCKS | VEHICLE SCHEDULE | 
MTD | TIME] MATCH] BLOGK | GREEDY} WATCHING | 
1 ices NO | NO ( YES ! NC 
| 2 (YE Sal NO { Yes | Yes | NO th 
t 3 { YoSe i NO | NO | WO { % Es | 
| 4 (eS) I Nome LOS | NO { Tis | 
Ne =) 
S {| NO | Yeseut NO | Yss | NO } 
6 | NO ( eo veo | ones | NO { 
| q { NO | ie ck NO { NO | b ae) 
1 e | NO { ‘Gayo male | Y=S | NO | ES | 
Procedure for deriving vehicle blocks 
Time refers to the Time Incremenz Method 
Macch terers *to the Matching Mezhod 
Bleck refers to the Block fmprovement Procedure 
Procedurs¢ fcr iériving vehicle schedule from vehicle blccks 
Greedy refers <0 greedy approach for the concatéenati: 
: of venicle blocks ; _ 
Peereae ng b2tcrs =o MNetechizg approach fer the 
Cencatéenating of vehicle biocks 
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fr this caapter, she methods shown in Table II for 
creating vehicle bliccks and schedules were apolizd <tc two 
diffrerenz databases ~ the MST database ndons database 
arcificialiy generated ~ and the results are display2d and 
evaluated. The procedures are evaluated as te their 


alu 
Meeerat=y fOr use in sciving the vehicle scheduling problen. 


Aw. MODEL VALIDATION 


[= aodDseviaticns sea =? he  coltgmns cf the tables 


are: 
fe, Waxinun number ef tines tn a vehicle block. 
Mees reuristic meéethcds to derive “ne vehicle scheduls. 


The number in ‘*he cclumrn identifies the method used énd 

Meee OndS <2 that cok #2 Mele Il, =.9., if MTD is 8, “he 

memecicg tCiccks are derim¢d eoby thee matching vorocedure ani 
m 


Block impreveméent procadure combined chen the matching 


appreach is uséd <tc concatenate <zhe vehicle biccks intc 
vehicle schedules. 

HP: total waiting time for a vehicle scheduils. 

DHT: <c+al deadhscad tine for a vehicle schedule. 

foo: numke> of vebeche plocks mequired. 

LZE: average number of Lines traversed ver vehicie bicck. 

VS: covtal numbe= of vehicle schedules. 

T/V: average number of «rips oer vehicles schedule. 


oY 








2. MST System 

The MOncerey poztion of the MST system is composed 
cf 16 different lines and 240 trips. The timetable urtrlized 
wes dated effective z0 November, 1982. This timen~able was 
used since it was readily available, not wtremendcusly 
complex and easily reproduced sinc the Rider's Guide, 
(Ref. 6], ccentained the predecessor and successcr trips for 
eaer trir. The MSI timetable deslt only with she Menday 
through Friday schedule. This schedule had a large AM pear 
and a Scmewhat smaller PM peak. Ee also had 20 citter en: 
Starting locations excluding the dépor. In the MST daca, 
the maximum numb¢r of lines a vehicle was found *o9 traverse 
in a vehicle blicck was 7. Tee dss dnesge time WAS ADBEOKI- 
mateiy 1105 minutes, the waiting time was 1417 ninutes, the 


“ha 


wah 


vehicle bliccks 
echeduled was 26 


number of was 35, number 


and =he number of 











meee Tacle Til tabubatess thes information. 
TABLE IIT 
MST System Schedule 
[|  CRIGINAL SCHEDULE { 
ee a a 
{ wr | DHT{ NB{ L/B | VSI 75 | 
174171 W105] 35] 22594| Bey 9. B23 | 
3. Znizial Study 
tiem nitites ctudy by LCDRoMctehel] was 
as a ézy project in 4& sepinar class on 
Scheduling at the Naval Postgraduazt2 School, 
December, 1982. The approach taken was <o 
vehicle blocks using a *ime incremenz method wit 
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Of veh2 cise 


Carried 
Roa+.7 

OEs 
generate 


h the 


lines/f/vehicie block was 





increment being 1 minute. When a trip j was found hat 
could be concatenated with a <=rip i, the trips were jcined 
Meg2cthe> 7 corm a partial vehicle block. These partial 
vehicle tlccks did not necessarily havz +o bsagir at thes 
depot; the vehicle scheduling procedure took this into 
account when forming the vehicle schedules. The vehicl: 
schezduilin procedure tried to exchange <+trips betwesn the 
vehicle tlecks to reduce deadhead or waiting =imes cr nember 


Ge lines traversed. iii v Shows -ne Sesui+s cr the 


TABLE IV 
Initial Study Results - MST Database 


————EE—— 
[ML fal) DHT] NB) L731) Dy) 




















---—----———_- ----—-—— ee oe 
1 2914) 1373 Tt 1.0904 7.06 | 
[ | 29Te) 13731 34% 1.001 7.06 
| 20 Bees! 1699| 591 1.98) @.71 | 
| | We) 12351 386i 1285) F056 | 
[ 3 | 1125} 909 49}; 2.97] 4.90 | 
i. Pea?) Ws) 2el 2253] a! | 
| Ce) ee) Wego, 4a] 3278)] S85 | 
ha | Bree] Wez3!] Jat 2.275) 8257 | 
| 5S { 44a; 1434] 374 4.59] 6.49 
ta | Were] 1123) Zoe? .69{ 8.27 
re 7 Hh Olees| 12911 29) 620 | e227 | 
im 1 2684; 1123{. 298] 2.82: 8.57 | 
| 10 2E4u) 1433} 28| ete oe 57 | 
11954 1099] 261 6.38 wee 
P73 Sea) 11295) Mei 22e2| 8.57 | 
1 Ts3s! 1095122 6i.5. sot 9.23 | 
So ae —— A 
mies tal s-ucy. For each maximum line (ML), the *2abl¢ has 
*wo rews associated with i+: Siem te seemcow 2s tae 2 nize 


Ss 
hen: Cclemrelccks and the second row is the number 


fe) 
required after the ccncatenating procsdur2 was 20plied. 


ij 
¢ 
Wn 


will te seen, this method gave inferior result 
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TABLE ¥ 
AY 


Time Increment Results 
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Pee 
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*he runs cn the MST daz 


roe 


abase, 


wable déeadhead time was set equal 


she 


y Minutes and 


~ +> 


ware 


ve 


=O 


in 


a@liowable waiting 


Table 


maximum 


S Was 


s 


V displays the r2sul 


oe 


minutc¢s. 
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In this analysis, with Al= A2= A3= A4= 1 and MI= 1, 
the results from the methods, MTD = 1, 2, 3 and 4, were «he 
Same. This was expected since, with ML= 1, the tine inecre- 
Ment precedure is basically a Peeoe tn 2-  mMeSy cut 
algorithm. The results differed greatly when ML was changed 


foom 1 tc 2 and then to 3. When ML was increased, the «otal 


deadhead «ime and waiting time was decreased. Rach Ma > 4, 
the results stabilized. Glmereenen f£o= ML of 1, he bicck 


imprcvement procedure reduced the average number cf lines 
traversed per vehicle block (L/B) and generally reduced both 
Waiting and deadhead time. The concatenaticn of *thn= vehicle 
klocks into vehicle schedules was affected by the me*thod 
used to derive the initial v2hicle blocks. The block 

ment procedure generally icneréeased the arumber cf 


v 
vehicles required but reduced the average number cf lines 


cer vekicie block. Since the four métnods (MTD= 1, 2, 3 cr 
4) Pecacue-d 2dui:valen= fesults, Bae jenelivecs in che 
Mefersnc2= Cf this Eape> concentrated on method 4, z2n¢ 
increment procedure with bleck improvemenz and a~ en ee 


m 
eeeeeGacn =6b =he  Concacenating of venicl biocksS inte 
vehicles schedules. 


The sensitivity of the tine increment orocéedurs *o 


meee 2Zze Gf the interval (*1,72) we2aS 2xamined. BY acl ae 
éll the cther parameters Al, A2, A3, AY, MDHT and MYT 
Constant, Table VI shows che results of Varying DELTA £=om 
Stes kirute up tc thitty Winutes. In general terms, che 
begger the DELTA, *he smaller the average number cf lines 
deeevenwecse Dlock. For minimizing déeédhsad or 


lanai 


m2, avalue cf DELTA between five co 

appzar =¢ give the best result. Since one objective cf zhis 
work was tc minimize the number of lines ‘trav 

vehicle tlcck, a thirty minute DELTA was used, bux 
Gpe@eaetanar2g haw i> Go|es not Eesulit in the minisum waiting 
and deadhead tims. 
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TABLE VI 
Interval Sensitivity 
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TABLE VIII 
Comparison - MST Database 

[Mechod { WE | DHT) NB( L/B] VSI T/V | 

(4st ¢ 447) 11051 35) 2-94) 26] 9.23 

[Initial | 2844, 1123 29} 2.821 281 8.57] 

iTime {| 2501} 1269] 39) 1.921 30) 8.90} 

Matchirg{! 1421| 11361 331 2.871 261 9.23] 

Tnitial fefers co fhe initsal seucy 

Time refers +o MTD 4 

Métching refers to MTD 8 
different scheduling me«hods. The deadnead «ime for the 
Seesen> Mst Schedule, for ihe anatial study and fer the 
Matching precedurée all are very close Since z=he number of 
vehicle tiocks for the time increment method is larg#sr shar 
the cther methods, the time increment metned has more dead- 
head time because of the larger a. © Som 


mme QGQdazace. In additicn, 


weiting ‘¢ime2, nunber 
vehicle schedules but 
traversed per vehicle block 
higher in tne areas 
changing the weights for 
gocd soluticns. 


results, it 


+he =ime 
of vehicle 


@a smaller 


discussed 
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=a Gh fae sof that thas approach 


WlLll 6 “bewe 
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With the same parameters, it 42 


Pp 

matching method generates a soluzton which reguires less 
deadhead tine, fewer vehicle blocks, a4 sn 

vehicle schedules and more waiting time whe a 

the tine ircrement precedure. From these results, cre would 
probakly prefexr the matching mezhnod to the time inertmen 


methced fer generatina the initial vehicle blocks for the MST 


[a 


system. The bleck improvement procedure has 1 


€7 che results. 


E. EFFECTS OF CHANGING THE FACTORS WEIGHTS 


Tc show the effe 


Q 


*s of changing «he weigh« factors, two 
peeves =cu= factcre (Al, A2, A3 and &A&) were held cons 7ént 
and tne c*ther factors varied. This approcach was selicred 
Since the number of lines per vehicle block and che on 


u 
Seeo2 vided by =hs number cE trips were relaved andj 


cf lins 

total deadhead time and waiting tim? were related. The 
methods examined are MTD 4, “he time incremence mezhed wrth 
block improvemen= and matching used for corcatenating che 
vehicis ktlecks into vehicle schedules, ane MTD ee ths 
mazching method with block improvement and macching us2a for 
Se reGce=netang the vehicie blocks ints vehicles schedules, 


Ve @esMghc Faceers Al and A2 


Bane f@etor Al is ~he factor assocte@-ed with the 


Q 


W a 
number of lines traversed ina v¢hic 
was considered +o be small and used only as 2 i 
nooo find Gh "best" rip 
m=. D i. Weight factor A2 is the fact 
number of lines divided by the numbe 
Euogik . The results in Table IX demonstrate 2. 
the ‘*ime increment andthe matching procedures as 

n vs 


increased either Ail cxrA2, the number cf ii 
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TABLE XI 
Trip Depth Affects 
Parameters: 
Al= 1 A2= 1 A3= 1 A= 1 MDHT= 20 MNT= 30 
fun {wD Wt { DHT | NBI L/3B | VS| T/V | DEPTH 
i 21 4 | 2598) 1425] 45{ 1.601 29, 8.27) 2 | 
i 24 4 | 25944 1425] 45] 1:48) 294 8227) 4 Y 
Ss) a sat 1337) 421 1.78] 301 8.00t 2 
| 2] 4 | 25321] 1325{ 42] 1.774 31) 7274) 4 | 
rer reeetoe | (e291 Siletoo) 291 8.271 2 | 
uj 4 {| 24554] 1329] 4ty 1.374 294 82271 3 | 
ae) cae tase) 41) 1.75) 27; S223) 2 | 
| 2{| @ {| 2361] 13261 41| 1.75] 281 8.57; Ga | 
3] 7 1946 | eo is6 25221 271 8-89 7 
| 3{ @ ¢ 1946] 1193] 36! 2.221 27] 8.88] 4 | 
i ut 8 | 1689 | 1136 | 33] 2-96 | 26 | §- 23] 2 : 
i | 8 | 1689{ 1136] 33{ 2.534 26) 9.234 4 
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mmo cegaunea: 7.00 “md have a duration or 75 minutes. 
Pem=Eecond trip assccia-ed With line 1 wowid bedqin 4: 7.02 
and have a duration cf 75 minutes, etc. The headw2y is the 


interval cf time between successive ‘trips leaving 4 steci- 
=ed starting nede fcr a specified lines. The pericad of tims 


that was ccvered by the timetable was 5 hours and resuited 


meaea cwieteclec which consisted Gf 230 “trips. Tao l= XIT 


TABLE At L 
Database 2 Initial Results 


Pa Dame t 2rs $ 
Al= 1 A2= 1 A3= 1 A4= 1 MDHT= 20 MWT= 30 























ML(MTD|| Wl | DHT | NB{ L/B I VSI Tv 
11 4 {1 "' $23] 80181 79] 1.00; 794 3.28} 
21 4 41 10051 3906] 72] 1.04] 794 3.231 
Hue 1oe01 3Gee1 721 1.051 701 3.28] 
1 aig | 10201 3888] 72] 1.05} 70] 3.28} 
5S] 4 14 1020{ 3888} 72} 1.05) 70] 3.28 | 
Saree T 10761 3928) 70) 1.00) 70) 3.28; 
i cumomineetics yi 29701 Got 1.571 671 3.431 
Si Sell S621 2207 E 63402-19163) 3.651 
| a 8 i £68 3168 erie somo it 3.77 
5| 8 E681 2168) 61) 2.341 611 3.771 
| ees a = I a | 
Snows tne LL ¢ Oegaemriar | Pest zs £¢eFr netncds an . "cere a” 4 
h initial } £ usds 4 and 8 Ma-hed 


eGa-n stabilized very early and continusd +o have a very iow 
Mien OL Leones Per venicre”™ block but did “vay for ches in 


Righer waiting ‘time, dsadhead ~im2 and number of vehicle 


blioche. In contrast, method 8 (matching) ¢ended with a 
fares e7e Cte Significantly réduced WT, DHT, NB and VS. 


These solutions again s¢em to indicat2= shat che mactching- 
kased procedure is preferable to <<Hhe Sipe Lricrenen= 
procedure. 


Varying the weighting factors showed similar resul<s as 


thos¢ cbhtained from the MST database. Table XIII shows che 
etfects cf varying Aland a2. Fer flethed 4, there was 2 
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TABLE XIII 
Database 2 - Varying Al and A2 


Parameters: 
A2= 1 AW 1 MDHT= 20 MWNT= 30 

















[uu ieTD | WT | DAT | NB) L/B {| VS{ T/V { Alf a2] 
Oi @ if 1005)63906| 72) 1.04; 70; 3.281 11 1] 
Pepa ay Go 2668) Say 1.914 69{ 3.331 o1 of 

2) 4 co 3968 Sm 1. am) 694 3-33 | 1] 0 
| ar | 1005{ 3906{ 72] 1.04; 791 32281 0} iy 
tT pi tse eo) GA) 1-571 671 3.431 11° «14 
1 21 8 tf 1076| 2460! 68) 1.89! 68] 3.38) Oj Of 
| oy 8 r Voge Zo] 688i 1.82) 69) 3.381 11 0] 
Pee 1e57h 2670) 68| 1.571 674 3.43{ 9} " 
3) Pa eio2o Seee) 72) 1805) 701 3.28) 141 11 
| 3} i | 198 | U9) Gol 2.5m ost 3-38 Ci a 

ay a Tamt 26961 G8i 2.58) 67) 30431 1] Ot 
| ae et oooh 365) 72! 1.05) FO} 3:28; oo} " 
mere fi 6 Geo) Feel G3) 2099) 6a) 3.65) 11 113 
ma 3 | a Peis) 64) 2el 68h 3.59| 91 Oo 
Mea 8 675) 212 Civgeee Gai 3559| 1] 6 
Meet ¥en 2228] Gai 2212) 634 3-65{ Ol 1 





Significant decrease in WE and DHT énd a sianifican 
increas< in average lines par vehicle plock when A2 equalled 
QO as ccmpexretd to whar AZ = 1. feso, Vavues Cl WT, DAT, ane 
L/B appsar independent of the weight on Al. k siniteac yee 
Seeeeeeult>S was noted for method a4. Again, zhes¢ results 
Gecvdecazce that only A2 needs a weight. 

Megee @iY shows t22 =sssulzcs of varying the weights cn A3 
and AQ, Increasing the weight on A3 and A4w decreases the 
deadhead tine but increases the number or lines per v 
bkicck and rumber of vehicl= schedules end, £ 

Ee 


increment method, increasad the waiting <<: 


}2 
=) 


For the same parameter settings, <=h¢e matching procedures 
clearly decminated the time increment procedure with respect 
to totai deadhead time and number of vehicle schedules and 
was clearly infericr in terms of lints per vehicle block. 


For MIL = 3, «he matching procedure had less waiting time 
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Database 2 - Varying A3 and A4 
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VI. CONCLUSIONS AND AREAS FOR FURTHER INVESTIGATION 


The procedures developed attempted +0 minimize the 
average numrer of lines traversed in 2 vehicl? bicck whil: 


maintaining a high average number of trips per vehiciec 


schedule. Both precedures used a modified linear weiqhc<s 
Saaecost function, Equetion (3.2), Somdenave themaces zs o€ 
Seeectenating trip i to 3a trip j. The éactors,..ncluded the 


mumber of lines traversed in a vehicle block, the number of 
lines traversed divided by the number of trics in a vehicle 


bklock, zhe deadhead and waiting times. 


A. CCNCLIUSICNS 


These precedures can be applied to obtain a2 reasonanle 
soluticn for a vehicle scheduling oroblem with interlining 
constrains. The matching-based procedure consistently 


cbtained a ketter solution in “*erms of waiting and deadhead 


—' numter cf vehicle blocks and average number cf <rips 

rer iclée schedule. emo Ne eC Semons. proceduse. cid 

resul= ina lewer averaqe number cf lines traversed per 

wenilcleeblock. However, it is pessible to increase the 

value of A2 as¢aq procedure 
m 


SO «€6 GO have the matchang-b 
produce results comparabl= to “he time increment crecedure. 
Fer e¢xanple, when A2 equaied 10, “pe rvasulis fer seen 
methcds on the MST data set were nee logon L/BE 
The CEU time for both of these proced 
> s®cong= cn am IBM 3033 so compu 


a 
eraged less than 
time was 207 
@omsi deged) aeiactor ain -he compamison of «he wwe an 

Based on the assumptions and the results of this 
iz is possible to find teasonabl2 sclutions to the vehicle 


SeroatemaqmecoOMem wath interlining constraints. One wcar 
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Amother consideration is the use of the modified linsaz 
rumciZON. The objective function might be better repre- 
sented Ey a non-linear form. An example is th 
concerning waiting time. Some waiting time cculd bs consid- 
ered an asset so as to caztch the schedule up if th 
falls Eehind schedule or te allow ror driver reiisf, sxc. 


=~ 


The modified linear function assumed a valu2 of 0 fo 
waiting tims if less than a given vaiue (for the study it 
wes 5 minutes). It do@s not necessarily s2¢m logical 
ting time as a cost would be linear af a 
2 would become more of a cosz and th 2 
Se@see8ight nct be linear. Similar logic co 
deadhead tire. Some deadhead =ime is fe 
deadhead tize frem one location t 
cial somewhere down the schedule sin 
connecticn which cculd ¢nd up saving more 
Cia approach to answér this might be: =z 


°) 
ehicle Eleck «hen apply @ savings «ype algorithm +0 it. 


Maas <=ype of approach Coulg@mp aks Zhe Glace of ot DE 22 @aGci- 
mor, tc the block merovemen*t precedure. Another possiblis 


C 
Smleon taght be to dezive a strictly non-linear functiom 
The procedures Llcoked at d3alt oniy with vehicle seched- 
uling and ignoréd the driver scheduling oreoblen. pies as 
problem is tc be solved using a Simultanzous method for be 
the driverysvehicie scheduling, how can thes? procedurés be 
applied? Cne cculd add more constraints so as 
the driver scheduling problem but wiil it still lead to 3 
trsasonable solution? OWES=259n in this aree of 
vehicle scheduling can lead into other areas fo 
research. 


The procedures developed were applied only =o *wo smail 
timetables. The application t9 a larger timetable and the 
resultant scluticn should be investigates to get a better 


c g 
feel for che values of the weignts for the differen: 
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PacltOLrs. tema eeGe= Of Censtrain=s on how long 2 vehicle 
can pretcrm a schedure should be investigated, along with 
the effect of heterecgensous vehicles and/or multiple depots. 


i) 


Beyond the questicns of deriving vehicle blocks is the 


guestior of concatenating «he blocks into feasible and 
reascnable vehicle schedules. The procedures used in this 


study were fairly simple. Concatenating the vehicle biccks 


(A 


could be acrpreached using &@ savings type aporeach which 


rh 


couid interchange «rips from one vehicle block ‘tc ancther 
venicle kicck in crder so reduce some desired factor. 
Additicnal approaches are as nany as there ar= necpi¢e to 


derive «hen. 


C. COMMENTS 


s any individual who has attempted *c sclve a vehicl= 


A 
scheduling cr a driver scaeduli 


Lag pecblem can attest, shere 
Bay net ke 2 common answer as <0 ths best solution or 70 hew 
to derive a reascnablé soluticn. This study has shewn that 
reasonable sclutions to “he vehicie scheduling preblem with 
moe 2 1S 


dures described. Tie matching-based == dees proiuce 
Bew-2cr SOlUutz¢ns and Cai give comparabie soluticns =o 43 
schedule chet is in existence for a2 mass transit system. 
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Thesis 
D#E6 Duguid 
Ged Comparison of ways 


to use weighted fact- 
ors for developing 
vehicle schedules in 
a mass transit system. 
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